Campylobacter fetus cells possess multiple promoterless sap homologs, each capable of expressing a surface layer protein (SLP) by utilizing a unique promoter present on a 6.2-kb invertible element. Each sap homolog includes a 626-bp 5 conserved region (FCR) with 74 bp upstream and 552 bp within the open reading frame. After DNA inversion, the splice is seamless because the FCRs are identical. In mutant strain 23D:ACA2K101, in which sapA and sapA2 flanking the invertible element in opposite orientations were disrupted by promoterless chloramphenicol resistance (Cm r ) and kanamycin resistance (Km r ) cassettes, respectively, the frequency of DNA inversion is 100-fold lower than that of wild-type strain 23D. To define the roles of a 15-bp inverted repeat (IR) and a Chi-like site (CLS) in the FCR, we mutagenized each upstream of sapA2 in 23D:ACA2K101 by introducing NotI and KpnI sites to create strains 23D:ACA2K101N and 23D:ACA2K101K, respectively. Alternatively selecting colonies for Cm r or Km r showed that mutagenizing the IR or CLS had no apparent effect on the frequency of the DNA inversion. However, mapping the unique NotI or KpnI site in relation to the Cm r or Km r cassette in the cells that changed phenotype showed that splices occurred both upstream and downstream of the mutated sites. PCR and sequence analyses also showed that the splice could occur in the 425-bp portion of the FCR downstream of the cassettes. In total, these data indicate that C. fetus can use multiple sites within the FCR for its sap-related DNA inversion.
Generation of antigenic variation is one of the mechanisms that pathogenic microorganisms have evolved to adapt to immunologically competent hosts. Such variation often reflects rearrangements of the genes encoding major antigens, which can occur by a wide variety of mechanisms (21, 35, 54) . Such recombination may be site specific (21, 29, 35, 54) or may involve repetitive (homologous) DNA sequences (55, 56) . Most high-frequency DNA inversions involve site-specific recombination (1, 21, 29, 35, 36, 71) .
Campylobacter fetus is a spiral gram-negative microaerophilic bacterial pathogen that interferes with reproductive function in ungulates and can cause extraintestinal infections in humans (28, 32, 46, 59) . C. fetus cells are covered by a paracrystalline surface array composed of specialized surface layer proteins (SLPs), ranging in size from approximately 97 to 149 kDa (14, 47) . As shown by in vitro and in vivo studies, SLPs play a major role in C. fetus virulence (4, 5, 11, 25, 48, 70) . These SLPs are critical for resistance to innate host defenses by inhibiting C3b binding to the bacterial cell (6) , and antigenic variation protects against antibody-mediated opsonization (28, 68) .
Each C. fetus cell possesses five to nine sapA homologs (19, 20, 26, 64) , clustered in a region of less than 93 kb, representing less than 8% of the bacterial chromosome (19, 20) . One part of the sap locus is a 6.2-kb invertible element containing the unique sapA promoter flanked by sapA homologs in opposite orientations. Variation of SLP expression occurs by a mechanism of nested DNA rearrangement that involves the inversion of the 6.2-kb element containing the sapA promoter alone or together with one or more flanking sapA homologs (15, 16, 17) .
Each of eight sapA homologs studied (sapA [3] ; sapA1 [66] ; sapA2 [19] ; and sapA3, sapA4, sapA5, sapA6, and sapA7 [Z. C. Tu and M. J. Blaser, unpublished data]) has two regions of identity. The 5Ј conserved region (FCR) begins 74 bp upstream of the open reading frame (ORF) and proceeds 552 bp into the ORF. A 26-bp sequence (3Ј conserved region) is located downstream of the ORF (16, 19, 66) . In the noncoding portion of the FCR, a sequence (5Ј-GCTGGTGA-3Ј) shares seven of eight bases with the Escherichia coli RecBCD recognition (Chi) site (5Ј-GCTGGTGG-3Ј), followed by three pentameric (TTTTA) repeats. Immediately following the pentameric repeats is a 15-bp inverted repeat (IR) capable of forming a stem-loop structure which ends at the ATG translation initiation codon of the sapA homologs (16, 19, 66) .
Our previous studies have shown both RecA-dependent (high-frequency) and independent (low-frequency) rearrangement of the sap invertible element (18, 50) . We now sought to examine the hypotheses that the FCR might contribute to inversion based on homologous recombination and that disruption of the Chi-like site (CLS) would influence the frequency of DNA inversion. Because an alternative hypothesis was that the DNA inversion might require site-specific DNA recombination, we mutated the IR to determine whether it played an important role in the recombination. One advantage of these strategies is that each of the mutations resulted in C. fetus cells with asymmetric FCRs, which then could be used to map the sites of the initial DNA cleavage.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The C. fetus strains used in this study are listed in Fig. 1 . C. fetus strain 23D is wild type, and the other strains used are defined isogenic mutants of 23D and have been described previously (5, 6, 17, 65, 68) or were constructed for the present studies (see below). C. fetus strains were grown at 37°C under microaerobic conditions in a GasPak jar using a CampyPak Plus gas generator (BBL Microbiology Systems, Cockeysville, Md.) on brucella agar (Difco Laboratories, Detroit, Mich.) or broth containing antibiotics at the following concentrations: 7 U of polymyxin B/ml, 10 g of vancomycin/ml, 15 g of nalidixic acid/ml, and 10 g of trimethoprim lactate/ml (designated PVNT medium) and 40 g of kanamycin/ml (PVNTK) for kanamycin-resistant strains or 20 g of chloramphenicol/ml (PVNTC) for chloramphenicol-resistant strains. E. coli strains used in this study, including DH5␣ and HB101, were grown routinely in Luria-Bertani medium at 37°C, supplemented with 40 g of kanamycin/ml or 50 g of ampicillin/ml as required (17) .
Chemicals and enzymes. Isopropyl-␤-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-galactoside (X-Gal) were purchased from Jersey Lab Supply (Livingston, N.J.) and used at 50 and 30 g/ml, respectively. Restriction endonucleases, T4 DNA ligase, and Taq polymerase were from Promega (Madison, Wis.) and U.S. Biochemical Corp. (Cleveland, Ohio). Antibiotics were from Sigma Chemical Co. (St. Louis, Mo.).
Southern blot analysis.
For Southern blot analysis, chromosomal DNA was isolated from C. fetus cells; digested with either PstI, PstI plus NotI, or PstI plus KpnI; separated on a 1% agarose gel; transferred; and then UV fixed to positively charged nylon membranes as described previously (65) . The hybridization probe used was the gel-purified Km r fragment from SmaI digestion of pILL600 (42), which was labeled using the Renaissance chemiluminescent kit (NEN Research Products, Boston, Mass.).
PCR techniques. The PCR primers used in this study are listed in Table 1 . To detect recombination involving the Km r and Cm r cassettes within the conserved regions of sapA and sapA2, chromosomal DNA from strain 23D:ACA2K101 was amplified using primers sapAR, sapA2R, catF, and kanF (Table 1) . To determine the sap element inversion frequencies, 10-fold serial dilutions of C. fetus chromosomal DNA were amplified using primers promF and sapAR or sapA2R for strain 23D and primers promF and kanR or catR for strain 23D:ACA2K101 and derivatives. (Table 1) .
Construction of nonreplicating (suicide) vectors for mutating C. fetus. In each sapA homolog, there is a 15-bp IR ending at the translation initiation codon (19) , and 38 bp upstream of the ORF is a CLS (19), as described above. To mutate these loci in C. fetus, plasmids containing these mutations but unable to replicate in C. fetus (suicide vectors) were constructed in E. coli (42) . To mutate the IR by creation of a NotI site, PCR was done using specific primers (pnF1, pnR1, pnF2, and pnR2 [ Table 1 ]) and template chromosomal DNA from C. fetus strain 23D:ACA2K101, in which a Km r cassette is present in sapA2. The pnR1-pnF2 product was digested with PstI and NotI, the pnF1-pnR2 product was digested with NotI and BglII, and these were ligated with PstI-and BglII-digested pILL570 to create pSAP101A. After ClaI digestion and religation to exclude the sap promoter, the final vector containing the NotI site replacing the IR was designated pSAP101. To replace the CLS with a KpnI recognition site, an exactly parallel procedure was used, except that primers pkR1, pkR2, pnF1, and pnR2 (Table 1) were used, leading to the creation of pSAP102.
Transfer of suicide vectors from E. coli into C. fetus. E. coli strain HB101 harboring the pRK212.1 IncP helper plasmid (pJB3) (23) was transformed by pSAP101 or pSAP102, and each then was mobilized into C. fetus strain 23D: ACA200 by conjugal mating, as described previously (7). C. fetus transconjugants were selected as single colonies on PVNT brucella plates containing kanamycin, and chromosomal DNA was extracted. Double-crossover events were screened by PCR using primers promF and sapA2R ( Table 1 ). The strains with a NotI site replacing the IR and KpnI replacing the CLS were designated 23D:ACA2K101N and 23D:ACA2K101K, respectively.
Selection for DNA inversion. To select for and to estimate the frequency of the DNA inversion involving sapA and sapA2 in strains 23D:ACA2K101N and 23D: ACA2K101K, cells of these strains and 23D:ACA2K101 as a control were incubated on brucella agar plates (BAP) either alone or containing 20 g of chloramphenicol/ml (BAP-C). Growth on BAP-C allowed identification of strains produced by the DNA inversion, and comparison of numbers of colonies on BAP and BAP-C permitted determination of the inversion frequency. This is represented as a frequency (10 Ϫx ) in relation to the CFU of the tested strain in the absence of selection. Genotyping of mutant strains to identify the locus of inversion was done by PCR using primers promF and catR or promF and kanR (Table 1) and digestion of the product with either NotI or KpnI, as appropriate.
RESULTS

DNA inversion occurs despite mutation of the IR and CLSs.
We previously created C. fetus strain 23D:ACA2K101, in which the sapA and sapA2 ORFs bracketing the 6.2-kb invertible region were disrupted by inserting a Cm r or Km r cassette without a promoter active in C. fetus, respectively, into each ORF (17) . The unique sapA promoter located in the invertible region (15) permits expression of either resistance depending on whether it is located upstream of the sapA or the sapA2 ORF. To assess CLS and IR functions in DNA inversion, we separately mutated each site in strain 23D:ACA2K101. To do so, we transformed target strain 23D:AC200, which possesses a promoterless Cm r cassette in sapA (Fig. 1) , by conjugation introduction of pSAP102 or pSAP101. By selection of transformants on kanamycin-containing media, we introduced the promoterless Km r cassette into sapA2 with either a mutated CLS (by replacement with a KpnI recognition site) or a mutated IR (by replacement with a NotI recognition site) (Fig. 1) . The presence of each mutation then was confirmed by Southern hybridization using a probe to the Km r cassette (data not shown) and by restriction digestion and sequence analysis (data not shown). The strains with the two antibiotic resistance cassettes and the mutated CLS or IR were designated 23D: ACA2K101N and 23D:ACA2K101K, respectively (Fig. 1 ). Since each of these mutant strains was kanamycin resistant, we first sought to select for inversion by plating colonies on chloramphenicol-containing media. Chloramphenicol-resistant strains, which we designated 23D:ACA2K201K and 23D:ACA2K201N, were obtained (Fig. 1) . That true inversion events had occurred in these strains was confirmed by Southern hybridization (data not shown). The existence of these strains indicated that mutation of the IR site or of the CLS did not eliminate the sap element inversion.
Effect of mutations on sap inversion frequencies. In wildtype C. fetus strain 23D grown in vitro, the 97-kDa protein encoded by sapA is the major SLP expressed. With inversion of the 6.2-kb element containing the sapA promoter, the opposite homolog, sapA2, which encodes a 127-kDa SLP, is expressed. Among 103 in vitro-passaged 23D colonies, 102 expressed a 97-kDa protein, and one expressed a 127-kDa protein, for a frequency of about 10 Ϫ2 /CFU (data not shown). In strain 23D: ACA2K101, in which the sapA and sapA2 homologs are disrupted by km and cm cassettes, respectively, the phenotypic variation can be detected by selecting colonies on kanamycinor chloramphenicol-containing media. In multiple experiments, the inversion frequency was approximately 10 Ϫ4 /CFU, confirming earlier studies (18) . PCR of a dilution series of template chromosomal DNA using primer promF, paired with either primer sapAR or sapA2R, indicated that the inversion frequency in strain 23D is approximately 10 Ϫ2 /CFU ( Fig.  2A) . However, the DNA inversion frequency in strain 23D: ACA2K101, as determined using primer promF with either primer kanR or catR, is about 10 Ϫ4 /CFU (Fig. 2B) . These genotypic results confirm the phenotypic evidence and indicate that the DNA inversion frequency of strain 23D:ACA2K101 is about 2 log 10 lower than for 23D. These results imply that the frequency of the inversion may depend on the length of the uninterrupted homologous sequence.
We next asked whether mutation of the IR or the CLS (which involved 15 and 7 bp, respectively) affected the fre- quency of the DNA inversion. This question was addressed by plating strains 23D:ACA2K101 (control), 23D:ACA2K101K, and 23D:ACA2K101N on media containing chloramphenicol, kanamycin, or neither. The results (Table 2) indicated that mutation of either the IR or the CLS does not substantially influence the frequency of DNA inversion. Movement of the KpnI and NotI sites relative to the sapA promoter. Since inversion resulting in a change in phenotype from Km r to Cm r had occurred, we next sought to determine the boundaries of the inversion within the identical 626-bp FCR. Since the invertible region is flanked by opposite-facing sapA homologs, if the DNA cleavage allowing the inversion occurs within the FCR, the splices are seamless and their precise location cannot be determined. However, for the strains in which a NotI or KpnI site was introduced, the FCRs became asymmetric, and after inversion, the genotype of the Cm r strains could be either 23D:ACA2K201N or 23D: ACA2K202N (Fig. 1) . To establish the genotypes of the transformants, we PCR amplified the region (region I) between the upstream promoter sequence (using primer promF) and the cm cassette (using primer catR) and then determined whether the amplicons could be cleaved by NotI. Of 95 transformants tested, 46 (48%) and 49 (52%) were of the 23D:ACA2K201N and 23D:ACA2K202N genotypes, respectively (Fig. 3A) . For confirmation, the sequence (region II) between sapF and the km cassette was amplified using primers sapFF and kanR (Table 1), and the amplicon was digested with NotI; results confirmed the region I findings in each case (data not shown). Using parallel PCR-based genotyping, we also examined 23D: ACA2K101K strains that then were selected for Cm r . Of 134 transformants, 41 (31%) and 93 (69%) were of the 23D: ACA2K201K and 23D:ACA2K202K (Fig. 3B) genotypes, respectively. The identities of C. fetus strains 23D:ACA2K202N and 23D:ACA2K202K also were confirmed by Southern hybridization (data not shown). In total, these results indicated that the recombination site could occur either upstream or downstream of the mutated IR or CLS.
Rearrangement in the FCR downstream of the antibiotic cassettes. Based on these results, we next asked whether the DNA cleavage site also could occur downstream of the insertion of the antibiotic resistance cassettes within the final 405 bp of the FCR. To answer this question, we developed a PCR strategy using C. fetus strain 23D:ACA2K101, which possesses the promoterless cm and km cassettes in sapA and sapA2, respectively (Fig. 1) . The strategy (Fig. 4A ) utilized forward PCR primers matching the cm (primer catF) and km (primer kanF) cassettes and reverse primers based on specific sapA (primer sapAR) and sapA2 (primer sapA2R) sequences (Table  1) . For strain 23D:ACA2K101, we expected to observe PCR products when primers catF and sapAR were used together, or when primers kanF and sapA2R were used together, and both of these products were observed (Fig. 4B) . However, when primers kanF and sapAR are used together, or catF and sapA2R are used together, amplification should be observed only if rearrangement occurs between the antibiotic resistance cassettes and the sites of the reverse primers. Each of these PCRs yielded products indicating that rearrangement had occurred and of the sizes expected with reciprocal recombinations (Fig. 4B) . To confirm that these recombinations had occurred, the PCR products were sequenced and shown to have the expected rearrangement (data not shown). Next, using 10-fold dilutions of template chromosomal DNA, we performed quantitative PCRs to determine the frequency of this distal FCR recombination (Fig. 4C) . Results indicated that the segments containing the km and cm cassettes rearrange between the sapA and sapA2 loci at a frequency of about 10 Ϫ3 / CFU (Fig. 4C) .
DISCUSSION
C. fetus can undergo antigenic variation by DNA inversion (15, 16, 17) . Our previous studies demonstrated that the sap inversion is RecA dependent but that sap inversion events may still occur, albeit at a lower frequency, in recA mutant strains (18, 50) . In this study, we found that C. fetus sap DNA inversion frequency is reduced by 100-fold when the FCRs are disrupted by km and cm cassettes and that the DNA recombination sites involved in the inversion can either be upstream of or within the sapA ORF. We also demonstrated that mutations of the CLS and the IR in the FCR did not change the sap inversion frequency.
DNA inversion in bacteria can be mediated either by sitespecific recombination systems or by general recombination involving homologous sequences (21, 35, 67) . Site-specific DNA inversion systems are well recognized in both grampositive and gram-negative bacteria and in eukaryotes (8, 9, 10, 21, 33, 34, 35) . In such cases, IRs flanking the invertible DNA segment are recognized by a site-specific recombinase (21, 35, 53, 67) . That the C. fetus sap invertible element is flanked by long (626-bp) identical sequences (FCRs) a priori suggests that homologous recombination could be involved in the inversion. However, that 15-bp IRs, which are part of the FCR, also flank the invertible element suggests that site-specific recombination also may have a role. That the DNA inversion occurred in strain 23D:ACA2K101N with a mutated IR and that it can involve multiple loci within the FCR indicate that the IR is not required for inversion and further suggest that no specific site is necessary. Alternatively, if there is site-specific inversion, the mutated right part of the IR sequence does not serve as the specific recombination site.
General (homologous) recombination is a major mechanism for both chromosomal rearrangement and genomic diversity in prokaryotes (21, 31, 40, 45, 49, 58) and, in E. coli, involves homologous sequences ranging from 14 bp to 20 kb and the presence of RecA, RecBCD, SSB, and enzymes that resolve recombination intermediates (13, 22, 24, 27, 30, 38, 41, 57, 63) . The frequency of recombination usually depends on both the length of the homology and the degree of sequence divergence (12, 27, 39, 52, 54, 56, 69) . Mutations in recA decrease E. coli recombination frequency by as much as 6 log 10 and recB or recC mutations reduce recombination by about 2 log 10 (13, 22, 38, 44) , whereas ssb mutations reduce recombination by Ͻ1 log 10 (13, 30) .
Our studies have shown that the DNA cleavage required for homologous recombination can occur at multiple loci within the 626-bp FCR, including both upstream and within the sap ORFs. In strain 23D:ACA2K101, where the FCR was separated into 201-and 405-bp homologs by inserting long (0.8-to 1.1-kb) heterologous cassettes into sapA and sapA2, either homologous region can be used in the DNA inversion. However, that the frequency of the DNA inversion utilizing the 5Ј 201-bp homologous region in 23D:ACA2K101 was 100-fold less than that for wild-type strain 23D (Fig. 2) suggests that, as in E. coli (27, 30, 57) , the frequency is related to the total length of the entire contiguous homologous segment. We previously showed that recA mutation decreased the sap inversion frequency by about 2 log 10 in the wild-type strain 23D (50) . Due to interruption by the antibiotic resistance cassettes, the 23D:ACA2K mutant strains provide only 201 bp as the recombination substrates. This is a length generally insufficient for RecA-mediated recombination in E. coli (2) ; thus, it is likely that C. fetus RecA mutants would have the same phenotype as that in RecA-positive strains with the same cassette insertions.
In E. coli, recombination in the recBCD pathway is stimulated by Chi sites (5Ј-GCTGGTGG-3Ј) that increase the frequency of genetic exchange 5-to 10-fold in their vicinity (24, 43, 44, 60, 61, 62) . Chi site activities are influenced both by their location in relation to the recombination region and by the number of Chi octamers at each site. That Chi octamers can enhance recombination when present at only one site in- dicates that processing of one end of the recombination region is sufficient; however, the presence of Chi sites on two recombining homologs has a synergistic effect (24) . In C. fetus, the finding that mutating the CLS had no apparent effect on homologous recombination may indicate that the CLS is not a true Chi site. A search of the Campylobacter jejuni and Helicobacter pylori genome sequences failed to show any genes encoding RecBCD homologs. Since the C. fetus genomic sequence has not been determined, we cannot definitively state whether RecBCD is present or involved in the inversion. Another potential explanation is that RecA-dependent homologous recombination in C. fetus may be restricted to repeats of greater than about 300 bases, as occurs in E. coli (2). Thus, it is possible that in mutant strains 23D:ACA2K101, 23D: ACA2K101K, and 23D:ACA2K101N, use of the 201-bp conserved region (upstream of the antibiotic resistance cassettes) of the 626-bp FCR for homologous recombination could be RecA independent. In total, the present and previous studies (18, 50) indicate that homologous recombination is the major mechanism for the high-frequency sap inversion in C. fetus and that neither the IR nor the CLS has any discernible role in this process. Studies with other bacteria have shown that the antigenic variation caused by DNA inversion may depend on the function of either RecA (31, 37, 58) or a site-specific recombinase (8, 9, 10, 34, 51) . Since previous studies showed that highfrequency C. fetus sap inversion is RecA dependent (18) but that lower-frequency inversion can occur in the absence of RecA function (50) , the present results are consistent with the predominant pathway. The critical role of homology in this system helps explain the remarkable conservation of the FCR, even across different strains, and at the nucleotide level (20) .
